The paper describes an application of nondestructive volumetric magnetic and ultrasonic techniques for evaluation of the selected mechanical parameter variations of P91 steel having direct influence on its suitability for further use in critical components used in power plants. Two different types of deformation processes were carried out. First, a series of the P91 steel specimens was subjected to creep and second, one to plastic deformation in order to achieve the material with an increasing strain level up to 10%. Subsequently, non-destructive and destructive tests were performed. Magnetic methods based on measurements of magnetoacoustic emission and magnetic hysteresis loop changes as well as the ultrasonic method based on acoustic birefringence measurements, were applied. Finally, the static tensile tests were carried out in order to evaluate the mechanical parameters. It is shown that some relationships between the selected parameters coming from the non-destructive and destructive tests may be formulated.
Introduction
Various non-destructive methods have been used to evaluate material degradation due to creep [1] [2] [3] [4] [5] [6] [7] . Among them one can indicate a magnetoacoustic emission technique [2, 3] or Barkhausen noise method [4, 5] for example. A review of various non-destructive techniques that allow the evaluation of creep damage progress was presented by Sposito et al. [6] .
The magnetoacoustic emission (MAE) technique is based on the analysis of acoustic signals generated in the bulk of the material subjected to alternating magnetic fields [7] . MAE is generated during the movement of non-180 • domain walls (in the case of steels they are 90 • domain walls) as a result of local deformations (volume changes) induced by the local change of magnetisation in a material having the non-zero magnetostriction [8] . Domain walls are pinned temporarily by microstructural barriers to disable their motion, and then they are released abruptly with an increase of the magnetic field. Grain boundaries, precipitates, dislocation tangles [9] and voids [10] are microstructural barriers hindering domain walls movement. It was also suggested that irreversible rotation of the domain through angles other than 180 • can also contribute to the MAE signal [11] . Magnetoacoustic emission accompanies magnetic Barkhausen effect (MBE) [8] that is produced in steels by movement of both 180 • and 90 • domain walls. Movement of the 180 • domain walls (between anti-parallel domains) do not contribute to the generation of elastic waves. Stresses are not generated as the result of 180 • domain walls movements or rotations, since the strain along a particular axis is independent on the direction of the magnetic moments if they act along the same axis [8] . As a consequence, the movement of 180 • domain walls do not affect magnetostrictive strain [8] . An advantage of the MAE method over the MBE method results from the depth of measurements. In the case of MAE it is dependent only on the ability to magnetise the investigated material and easily reaches 10 mm (or even more in special cases) while for MBE it is only 0-1 mm due to attenuation of the generated electromagnetic waves (in the kHz range) by eddy currents [10] .
Taking into account a good sensitivity to the precipitation process development [7, 12] as well as stress variation [8] , the magnetoacoustic emission was chosen in this research.
It has been found that various ultrasonic techniques can be applied to evaluate the quality of the material in the asreceived state and after deformation history induced by creep or plastic flow. Mutual relationships between parameters of ultrasonic waves and creep damage were observed [13, 14] . Variations of nonlinear acoustic parameters were investigated in the course of creep [15] . In late creep stages, when numerous voids have been created in the bulk steel specimens, an ultrasonic technique based on acoustic birefringence was used to detect material damage [16] .
Measurement of acoustic birefringence and evaluation of magnetic parameters seem to be able to provide more comprehensive material degradation data than the replica technique and destructive tests. Acoustic birefringence can be measured using ultrasonic echo technique, for elements accessible from one side only (like pipes for example). Its value is proportional to the difference in the round-trip travel time of ultrasonic pulses polarized in the direction parallel and perpendicular to the loading direction and, at the same time, perpendicular to the loading direction of the specimen. It can be calculated as [17] :
where V p velocity of shear wave polarized along loading axis, V l velocity of shear wave polarized perpendicular to loading axis, t l time of flight of the shear wave polarized along loading axis, t p time of flight of the shear wave polarized perpendicular to loading axis. The value of acoustic birefringence depends on various factors influencing the velocity of ultrasonic waves. One can indicate a material texture (preferred grain orientations), concentration and orientation of voids (if any), impurities and dislocation in the bulk of the material, and applied residual stresses in the material.
The advantage of acoustic birefringence measurements is the fact that there is no need to know the exact thickness of the element under test. They do not depend on temperature and they deliver information averaged over the element thickness. Because of these features, this technique has found a wide application in ultrasonic residual stress evaluation in the rims of mono-block railway wheels [18] .
Non-destructive and destructive tests performed on specimens made of two grades of steel used in power plants, subjected to creep and tensile deformation, were described earlier [19] . It was shown that values of this acoustic parameter were different for specimens subjected to creep and subjected to tensile test at low temperatures.
The aim of the paper is to estimate the mechanical properties of steel in the course of creep and tensile deformation using parameters determined by means of magnetoacoustic emission method, parameters coming from magnetic hysteresis loops measurements and ultrasonic acoustic birefringence coefficient as well.
Specimens made of P91 steel were subjected to an accelerated creep tests. It is unrealistic to expect that in material subjected to such loads (relatively short period of time, high temperature and stress) the same phenomena will occur as in material subjected to much lower stress and temperature but for a very long period of time. However, the accelerated creep test is the only way to "produce" damaged specimens in a reasonable time, and to test various nondestructive techniques that may detect changes in various material parameters. In this work, the problem is approached differently: the influence of various damage mechanisms on the parameters arising from non-destructive measurements is investigated.
Material
The low carbon, creep-resistant P91 steel, typically used for tubes, plates and structural components in the power plant industry, was tested. Its chemical composition is shown in Table 1 .
The tested material consists of tempered martensite phase. According to Panait et al. [20] and computed phase diagrams presented by Šohaj et al. [21] , the P91 steel is stabilized by M 23 C 6 carbides (where M = Cr, Fe, Mo) and MX carbonitrides (where M = V, Nb and X = C, N). The specimens of the tested material were cut from a section of a thick-walled pipe (thickness of 60 mm and diameter of about 270 mm) along its axis. 
Experimental Methods
Magnetoacoustic emission intensity, coercivity, saturation induction and acoustic birefringence coefficient were measured on the plain specimens of the P91 steel (having a cross section 5 mm × 7 mm and gauge length of 40 mm). The specimens were earlier subjected either to creep (T = 773 K, σ = 290 MPa) or plastic deformation (T = 298 K, V = 1 mm/min). The loading process of each specimen was carried out to achieve the different strain level. The creep process was interrupted to obtain various deformation levels i.e.: 0.85, 1.85, 3.15, 4.60, 5.90, 7.90 and 9.30%, whereas the levels of plastic deformation were as follow: 2.00, 3.00, 4.50, 5.50, 7.50, 9.00, 10.50%. The programmes of the interrupted tensile tests are presented in Fig. 1a , b, respectively. The set-up for measuring the magnetoacoustic emission and the magnetic hysteresis loop variation is shown in Fig.  2 . The specimen (1) is magnetized with the driving coil (2) applying a triangular waveform of current with frequency of about 0.1 Hz [2] . The core (4) was used to close the magnetic flux. The pick-up coil (3) provides a voltage signal which is used to obtain the magnetic hysteresis loop B(H) [2] . The magnetoacoustic emission signal was measured by means of the piezoelectric transducer (5) .
Envelopes of the magnetoacoustic emission signal were calculated according to the equation:
where U a (h) is the root mean square voltage from the acoustic wave sensor calculated over an interval τ during which the average magnetic field was h. U ta1 (t) is the output of the sensor. The integral over a half cycle of the magnetic field was calculated as
and U ta is the root mean square of the background noise voltage. Hysteresis loop changes were characterised by means of coercivity H c and saturation induction B s .
The magnetic parameters were normalized with respect to their values for the non-deformed specimen (Int(U a ) norm, H c norm ,B s norm ).
Ultrasonic measurements were performed in five spots on each specimen along gauge length. In this way, in specimens exhibiting necking, the maximal value of acoustic birefringence coefficient could be found. Measurements were taken with a 5 MHz shear wave piezoelectric transducer coupled to the specimen surface by means of a viscous epoxy couplant. Spots for measurements performed with ultrasonic techniques on the specimen are presented in Fig. 3 .
Subsequently, the specimens were subjected to static tensile tests in order to determine the yield stress and ultimate tensile stress. The relationships between the strain level and the parameters obtained from the ultrasonic/magnetic tests, as well as the relationships between the mechanical and ultrasonic/magnetic parameters, were evaluated.
Results and Discussion
Example envelopes of magnetoacoustic emission are presented in Fig. 4 . The MAE envelope of the non-deformed specimen reveals a broad maximum with two peaks (Fig.  4a ). According to [22] the first peak on the MAE envelope is mainly due to the creation and the second one to the annihilation of magnetic domains with high contribution of displacement of non-180 • domain walls. The changes in the height and width of the peaks in Fig 4b, c indicate that magnetoacoustic emission is sensitive to material damage and depends on the type of deformation. The two-peak broad maximum observed in the non-deformed specimen transforms to a single maximum for the specimen strained up to 10.5% in the tensile test (Fig. 4b) as well as for the specimen strained up to 9.3% in the creep test (Fig. 4c) . It can be also noted that the single maximum for the specimen after plastic deformation is broader and lower than for the specimen after creep (Fig. 4b, c ), which will be discussed later. It can also be seen that the maxima of both envelopes of strained specimens (by creep and plastic deformation) occur at a higher magnetizing field than the maximum of the non-deformed specimen. One explanation is that it is necessary to use a higher magnetic field to be able to move domain walls in the material with a higher density of dislocations introduced.
Transformation of the peak shape for all deformed specimen occurs. The integrals of half-period voltage signals from the magnetoacoustic emission rms envelopes for each specimen were calculated. They are presented in Fig. 5 .
The integral of the half-period voltage signal of the MAE Int(U a ) norm decreases with the increase of strain level for both plastic and creep deformations, but the dynamics of these processes are different-lower values of this parameter (for deformation values greater than ε = 2%) were obtained for specimens after plastic deformation (Fig. 5) . The integral of the MAE is almost insensitive to creep deformation in the range of strain between 0.85 and 9.3%. The decrease of both parameters may be explained on the basis of previous knowledge provided by other researchers [2, 23, 24] . The plastic deformation produces defects inside the martensite plates in the form of dislocation tangles that decrease significantly the mobility of 'non-180 • ' domain walls [2] . An increase in dislocations density reduces the mean free path of the domain walls displacement and increases their pinning force [23] . According to the Granato-Lucke theory, it is believed that the ends of the dislocations lines are fastened at points of strong and weak fixation. The points of strong fixation are the nodes of the dislocation network, whereas the points of weak fixation are impurity atoms [24] . Under applied stresses the dislocations segments bend between the points of weak fixation. In the case, when the stress exceeds a defined value, the dislocation segment breaks away from the points of weak fixation [24] . As a result, due to the dislocation structure modification, movement of the domain walls becomes less effective and the MAE intensity signal and its parameters Int(U a ) decrease monotonically [10] .
Usually, in the case of creep of metallic materials, two main processes are dominant: strain hardening and thermal softening (also called as recovery) [25, 26] . The same situation takes place in the P91 steel. The material recovery occurs by dislocation cross slip and dislocation climb. As a result of recovery and relatively high level of acting stress equal to 290 MPa, polygonization of the material occurs thanks to the dislocation climb mechanism. The second important process involved during creep of the P91 steel is the hardening caused by introduction of high density dislocation tangles to the material structure. Therefore, the accelerated creep that is achieved is a mixed process consisting of creep and plastic components of deformation due to high level of stress applied. Similarly, for plastic deformation, the movement of the domain walls is impeded due to the significant amount of defects introduced to the material. However, a lesser decrease in the Int(U a ) norm values for specimens after accelerated creep than for specimens after tensile tests was observed due the applied temperature (773 K). Fig. 4 The magnetoacoustic emission rms envelopes for specimens of the P91 steel: a non-deformed, b after plastic deformation up to 10.5%, c after creep up to 9.3% [2] The quasi-exponential relationships between coercivity and prior deformation level can be found. For plastic deformation, the coercivity H c norm was higher than that after creep occurred (Fig. 6 ). In the case of saturation induction B s norm considered as a function of the strain level produced by creep or plastic deformation different relationships were obtained. They can be described with reasonably good accuracy by the linear equations (Fig. 6) .
The coercive force of the specimens after plastic deformation and after unloading is the sum of three terms [27] :
The first term H c (ε = 0) represents the initial H c value at the end of the elastic region. The second term reflects an increase of the dislocation density ρ with increasing ε. The last term is determined by the residual stress, σ res . According to Jiles [8] precipitates with different magnetic properties from those of the matrix material also act as pinning sites, which impede domain wall motion.
The last term is determined only by the level, sign and distribution of σ res [27] . Measurements of residual stress using the X-ray diffraction method indicate that tensile plastic deformation results in compressive residual stress [28] . When tensile stress is applied and exceeds the yield point, a rapid dislocation multiplication occurs [29] . The dislocations readily pile up and create dense dislocation tangles with a high degree of tensile deformation, leaving the bulk of the specimen in residual compression after unloading [29] .
The appearance of residual compressive stresses in steel subjected to plastic tension after unloading is caused by the local anisotropy of the Young's modulus in each grain of the steel [27] . Bernshtein and Zaimovsk [30] also described this phenomenon for another material.
The unit cell of the material is characterized by crystallographic directions of higher and lower Young's modulus. We can call them 'mechanically rigid' and 'mechanically soft'. The first plastically deformed grains are those for which the crystallographic directions of lower Young's modulus are closest to the loading force. Upon unloading, the sizes of the "rigid" grains are reduced by a value of about ε ∼ σ true /E rigid and the soft ones ε ∼ σ true /E soft. The value is visibly higher for the "mechanically soft" direction than for the 'mechanically rigid' [27] . The adjacent grains with different orientations are joined by their boundaries and this leads to the appearance of residual compressive stresses in the elastically deformed ('rigid') grains as well. As a result, the grains that are more 'rigid' in the elastic sense become compressed upon unloading, which explains the increase in coercive force [27] .
The crystallographic structure of the P91 steel is supposed to be close to body-centred cubic (BCC) [31] . Hence, the crystallographic 'mechanically soft' direction for the tested material is <111>. Two families of slip systems, the {110} or {112} plane and <111> slip direction, being the two easiest gliding systems for the tempered martensite ferritic steel [31, 32] , were considered.
The values of parameters calculated on the basis of magnetic hysteresis loop were repeatable, because the tests were conducted for the entire volume of the material within the gauge length of specimen. Measurement of the magnetic hysteresis loop was sensitive to the contact quality between the specimen and core. Errors in calculation of the MAE integral were kept within 5-10%. Figure 7 presents the variation in the acoustic birefringence coefficient of the P91 steel versus the pre-strain induced by creep or plastic deformation. The process of pipe forming resulted in a measurable material texture that can be seen as a non-zero acoustic birefringence value for the material in the as-received state (Fig. 7) . For both cases, an exponential decrease in the acoustic birefringence coefficient value was observed. However, for specimens after accelerated creep the changes of the coefficient are less. In the case of specimens deformed in low temperature, the acoustic birefringence decrease is mainly a result of material grain Fig. 7 Acoustic birefringence coefficient versus prior deformation of the P91 steel due to creep or plastic flow [33] reorientation associated with unidirectional strain. This reorientation occurs in the direction of the easy slip directions of individual grains according to the direction of enforcing deformation [33] . Similar phenomena occur after accelerated creep. However, the effect of reorientation is smaller than that observed after plastic deformation at room temperature. Plastic deformation and accelerated creep produce new dislocations and new point defects during the mutual intersecting of the dislocations, but in the case of high temperature the new dislocations are pinned very fast by mobility in high temperature, and also quickly annihilate each other (due to the tempering process). Therefore, there is no such strengthening as that obtained during plastic deformation, the effects of reorientation are smaller and only small anisotropy in the material remains. Some errors in acoustic birefringence calculations are mainly attributed to the accuracy of the defectoscope used during the time of flight measurements of waves propagating in specimens (±1 ns). In our program the length of wave propagation was approximately 8 mm (double thickness of specimen), which gives an error for acoustic birefringence measurement equal to ±0.08%.
The studies based on parameters determined from the nondestructive tests with respect to the deformation indicate the strongest functional relationship between B s and ε.T h i si s due to physical phenomena that occur during the magnetisation of ferromagnetic material and can be described by the magnetic hysteresis loop. Saturation induction determines the value above which we do not have a further increase of material magnetization. In the material that has reached the saturation induction some physical processes may take place during the magnetization.
In the range of low intensity of the external magnetic field the reversible domain walls movement occurs, especially 180 • ones. An influence of external magnetic field on the ferromagnetic material causes a gradual reorientation of its domain structure. Magnetic domains with the dipole moment directions close to the direction of the magnetic field grow at the expense of the magnetic domains of dipole moment directions substantially different from the direction of the external field producing domain walls movements.
In the area of linear relationship B(H) of magnetic hysteresis loop a further increase of single domain at the expense of others takes place. This is an irreversible process and it occurs until the magnetic domains of the dipole directions, other than the direction of the external magnetic field, disappears completely.
For upper curvature of the magnetic hysteresis loop the ferromagnetic material enters a state close to saturation, i.e. the vectors of magnetization of domains rotate from the direction of easy magnetization axis to the direction of the external magnetic field. This is the third reversible process that is associated with saturation induction. Domains do not change their volume.
Barkhausen noise and coercive field are linked to each other [9] . Barkhausen noise maximum intensity occur for values of magnetic field close to the coercive field, but the magnetoacoustic emission maxima are observed for the "knee" regions of the hysteresis loops where the creation/annihilation of 90 • domain walls take place [34] . So, it can be concluded, that the strength of relationships between parameters coming from non-destructive and destructive tests may be associated with a range of magnetic field intensity, and therefore, with diversity of physical phenomena occurring during the magnetization cycle.
The acoustic birefringence is associated with rotation of the materials grains which rotate and tend to set directions of the easy sliding parallel to the main axis of deformation. Therefore, the change of acoustic birefringence value corresponds solely to a single physical phenomenon.
The static tensile tests were carried out in order to perform structuroscopic investigations [35] [36] [37] [38] . The results of the mechanical tests conducted on specimens with prior deformation are presented in Fig. 8 . The yield point and ultimate tensile stress variations demonstrate the softening effect in the P91 steel after creep, whereas after plastic deformation a hardening effect can be observed.
However, the main aim of the experiment was to find relationships between those mechanical and non-destructive parameters which would be sensitive to damage development. The results of the second part of the experimental programme devoted to this issue are shown in Figs. 9, 10, 11, 12, 13, 14, 15 and 16. Since the yield stress of the P91 steel was insensitive to the deformation level for the strain induced by creep, it will not be considered in further analysis. Figure 9 presents the exponential relationships in a certain range of changes between the yield stress and integral of the MAE rms envelopes (range 0-9%). Also exponential relationship between the coercivity and yield stress of the steel after plastic deformation were found (range 0-9%) (Fig. 10) . It can be seen that the yield stress decreases with the integral of the magnetoacoustic emission whereas it increases in relation to coercivity.
Depending on the parameters considered, their mutual relationship exhibits different behaviour. Contrary to just mentioned parameters, in the case of the yield stress and saturation one can notice a linear relationship in the strain range taken into account (0-9%), Fig. 11 . Figures 12, 13, and 14 show the relationships between the ultimate tensile stress and selected magnetic parameters. Similar to the results obtained for the yield stress, in the case of plastic deformation the exponential relationships between the ultimate tensile stress and magnetoacoustic emission integral can be observed in the strain levels considered (0-9%) here, Fig. 12 . It has to be noted however, that for the steel after creep the mutual relationship between these parameters cannot be expressed as a function, since the points representing increasing level of deformation are not located in the orderly manner. The same types of relationships were found between the ultimate tensile stress and the coercivity, Fig. 13 . Contrary to these results, variations of the saturation induction B s norm allow an estimation of the ultimate tensile stress of the P91 steel either after creep (in the whole range) or plastic deformation (range 0-9%), Fig. 14 . The relation R m =f(B s norm ) for the material after plastic deformation can be described by the linear function, whereas that after creep, by exponential one.
Also selected ultrasonic damage sensitive parameters can be correlated with the mechanical ones. In our case we have found the acoustic birefringence coefficient as that which gives very promising results. Figures 15 and 16 summarise some achievements in this area. Figure 15 illustrates mutual relationship between the acoustic birefringence coefficient and yield stress, whereas in Fig. 16 the same parameter is presented as a function of ultimate tensile stress. The numbers in figures denote the level of prior deformation. The yield stress of the P91 steel after deformation induced by creep almost does not change with the acoustic birefringence coefficient. In the case of plastic deformation the mechanical parameters decrease linearly with an increase of acoustic birefringence coefficient.
Conclusions
The results obtained for the P91 steel suggest that it is possible to find the functional relationships between damage sensitive parameters coming from mechanical tests and those determined from non-destructive investigations. It has been shown that the yield stress of the P91 steel after prior plastic deformation may be estimated by means of all the suggested parameters. The saturation induction may be used for determination of the ultimate tensile stress of the steel subjected to prior creep or plastic deformation.
The parameters obtained using magnetic and ultrasonic techniques permit the recognition of the type of deformation process. An identification of the loading history is possible for medium and higher values of strain ε from ∼4.6% to 9.3% using the acoustic birefringence coefficient, or applying parameters that could be determined from MAE rms envelopes (integral) as well as from magnetic hysteresis loops (coercive field, saturation induction).
Saturation induction was found to be the only parameter obtained from the magnetic method that enabled identification of prior deformation stage, yield stress as well as ultimate tensile stress. Also the kind of deformation process could be determined for the P91 steel tested under conditions defined in this research (accelerated creep: σ = 290 MPa, T = 773 K; plastic deformation: T = 298 K).
The correlation discovered between the selected parameters derived from non-destructive and destructive tests may serve as the starting point that enables evaluation of the mechanical properties of materials using only nondestructive investigations.
